The topological distribution of two epitopes in the cell wall of Candida albicans, the kinetics of their incorporation into the regenerating protoplast wall, and the effect of different antibiotics upon their incorporation and localization have been studied. To do so, two monoclonal antibodies that react against an 0-glycosylated mannoprotein (1 B12) and against a 1,6-P-glucan epitope (JRR1) were used. The results show that the JRRl epitope is localized in an internal layer o f the cell wall, in contrast to the 1B12 epitope, which is superficial, and that the incorporation o f the JRRl epitope into walls of regenerating protoplasts precedes that of the 1 B12 epitope. The JRRl epitope is normally found in the culture medium of control cells, but not in that of papulacandin-B-treated cells, and tunicamycin interferes with the incorporation of the 1B12 epitope into the cell walls. Finally, the results support the hypothesis that mannoproteins are not 1,6-/?-glycosylated before their secret ion.
INTRODUCTION
Candida albicans is a dimorphic fungus that grows either as an ellipsoidal budding yeast or as a pseudomycelial organism, depending on the environmental conditions ; true mycelial cells can, in some cases, also be seen. C. albicans is one of the most pervasive of the pathogenic fungi, especially infecting immunocompromised hosts, in which it can invade various tissues (Bodey, 1984; Odds, 1988) .
The cell wall is the structure responsible for the characteristic shape of each cellular form, and it is also the site of initial interaction between the organism and the host. Consequently, information about the wall components and their organization is important in our understanding of their role in cell integrity and host-parasite interactions.
The cell wall of C. albicans is mainly composed of pglucans and mannoproteins, together with a small but significant amount of chitin (Chattaway e t a/., 1968;  Abbreviation : I IF, indirect i rn rn unof I uorescence. Sullivan et a/., 1983; Sentandreu e t al., 1994) . The three components are dispersed throughout the cell wall, although the mannoproteins are mostly concentrated on the outer surface (Elorza r t a/., 1989 ; Calderone & Braun, 1991 ; Shepherd & Gopal, 1993) . Some of the wall proteins are released by hot SDS and the remaining ones are released in the form of supramolecular, highly polydisperse complexes after the degradation of the structural skeleton by p-glucanases and chitinase (Ponton & Jones, 1986; Elorza etal., 1988 Elorza etal., , 1989 hlarcilla eta/., 1991 . Recently, Iiapteyn e t al. (1994) and Sanjuan e t al. (1995) have reported that 1,6-P-glucan is linked to mannoproteins in C. albicans. According to Iiapteyn e t al. (1994 Iiapteyn e t al. ( , 1995a , this linkage, and the linkage between mannoproteins and 1,3-P-glucan, would be of the phosphodiester type. Information about the native cell-wall proteins has been gained by analysing the materials secreted by regenerating protoplasts using polyclonal and monoclonal antibodies (mAbsj as specific probes (Elorza etal., 1994 ; Kapteyn e t a/., 1995b) .
In the present article, we extend previous observations and report the use of two mhbs, one (1B12j which is specific for an epitope present in an 0-glycosylated (Marcilla e t al., 1993; Mormeneo e t al., 1994) , and the other (JRR1) which reacts against a 1,6-pglucosyl residue (Sanjuin e t a]., 1995). Both have been used to determine the topological location of the corresponding antigens in the walls, and how their assembly in the cell wall is affected by different antibiotics. In addition, the kinetics of incorporation of these antigens in the regenerating walls of protoplasts have also been studied. The results obtained demonstrate that the first antigen, the 0-glycosylated protein, is connected directly or indirectly to the glucan, mannoproteins and chitin of the wall. In addition, it is located on the outer surface of the wall. The second epitope is found below the cell surface in yeast cells and partially exposed in mycelial cells. Our aim in studying these two specific antigens was to extrapolate our findings to the process of secretion and incorporation of 1,6-P-glucan and 0-glycoproteins into the cell wall of C. albicans.
METHODS
Strains and conditions of growth. Candida albicans ATCC 26555 serotype A was grown according to Elorza e t al. (1989) . Cells incubated at 28 "C in Lee's medium (Lee et al., 1975) were collected after 12-18 h, when they were at their exponential growth phase. For the formation of mycelium, yeast cells stored in water at 4 OC for 24-42 h were incubated at 37 "C for 6 h in Lee's medium and then collected. To analyse the effect of tunicamycin, papulacandin B and nikkomycin 2 on the incorporation of the mAb JRRl and 1B12 epitopes in the cell walls, yeast cells kept in water at 4 OC for 48-72 h were incubated in Lee's medium at 28 and 37 OC for 2 h. The antibiotics were added at a final concentration of 20 pg ml-l, 2.5 pg ml-' and 50 pg ml-', respectively. After 4 h incubation, the cells and medium were separated by centrifugation, and the medium was exhaustively dialysed against distilled water, concentrated x 20 by lyophilization and used to coat ELISA plates.
Preparation of protoplasts, regeneration conditions and preparation of the regenerating walls. Protoplasts from C. albicans were obtained as previously described by Murgui et al. (1986) and regenerated at 28 "C in Lee's medium supplemented with 0.6 M KC1 as an osmotic stabilizer. After different periods of time, medium was separated from protoplasts by centrifugation, dialysed and concentrated by lyophilization. One microgram of protein, as measured by the Lowry method, was used to coat ELISA wells.
Regenerating walls were obtained as follows: first, water was added to the protoplasts to cause their osmotic lysis and then the walls were separated from the rest of the cell by centrifugation. The cell walls of regenerating protoplasts obtained after 4,8 and 24 h regeneration time were obtained as described for cell walls of growing cells (Marcilla e t al., 1993) .
Analysis of the spent medium and cell-wall material. The spent medium was analysed by ELISA as described by Sanjuin e t al. (1995) . Cell-wall material was solubilized by Zymolyase 20T according to Marcilla e t al. (1993) and analysed by ELISA in plates coated with 5 pg sugar as determined by the method of Dubois e t al. (1956) . mAbs JRRl and 1B12 were used for ELISA at a final concentration of 1:lOOO and 1:8000, re spec t ivel y .
ELISA. These assays were performed as described previously by Voller & Bidwell (1986) with the following modifications.
Nunc-Immunoplate I (A/S Nunc) plates were coated with the appropriate amounts of different materials and incubated overnight at 4 OC. The wells were rinsed three times with Trisbuffered saline (TBS)/O*O5% (v/v) Tween 20 (TBST) then filled with 3 % (w/v) bovine serum albumin in TBS and incubated for 2 h at 37 "C. Each plate was washed three times with TBST. The appropriate diluted antibody (1 : 1000 for mAb JRRl and 1 : 8000 for lBl2) in TBST was added to the wells and the plate was incubated at 37 "C for 2 h. After washing three times with TBST, an alkaline-phosphatase-conjugated goat anti-mouse immunoglobulin (Bio-Rad) was diluted 1 : 500 in TBST and 50 pl was added to the wells. After 2 h at 37 OC, the wells were rinsed again and the substrate mixture (50 p1 p-nitrophenylphosphate, 1 mg m1-l' in diethanolamine buffer) was added to each well and developed for 45 min. The colour intensity was read at 405 nm with a plate reader (Titertek Multiscan Plus MKII ; Labsystems). Indirect immunofluorescence (IIF) for detection of cellsurface antigens. The immunofluorescence assay was carried out as described by Sanjuan e t al. (1995) . Cells growing in the Incorporation of epitopes in the C. albicms wall 
RESULTS

Effect of different antibiotics on the release of JRRl and 1B12 antigens into the medium of growing cells
Antibiotics inhibiting N-glycosylation of proteins (tunicamycin) or formation of glucan (papulacandin B) or chitin (nikkomycin 2 ) were added to the medium of growing cells in an attempt to obtain information on the role of the different macromolecules in the structure of the cell wall. The supernatant of the spent medium was collected and the presence of the antigens reacting with mAbs JRRl and 1B12 was assayed by ELTSA.
The JRRl epitope was detectable in the spent medium of cells grown a t either 28 or 37 "C in the absence of antibiotics, as well as in the presence of tunicamycin and nikkomycin, but not in the spent medium of cells grown in the presence of papulacandin B (Fig. 1) .
The antigen 1B12 was not found in the supernatant of control yeast cells, but significant amounts were detected in the spent medium of cells grown in the presence of tunicamycin and nikkomycin and in even greater amounts in the spent medium of cells grown in the presence of papulacandin B (Fig. la) . In mycelial cells, the results were similar, although tunicamycin seemed to inhibit most of the incorporation of the 1B12 antigen into the cell wall (Fig. lb) .
JRRl and 1B12 antigens have different locations in the cell wall
T o determine the distribution of these antigens in yeast and mycelial C. albicans cell walls, IIF assays were carried out with the corresponding mAbs. The behaviour of mAb JRRl differed depending on the morphology of the cells ; it did not label the surface of the yeast form, whereas mycelial cells were lightly stained (Fig. 2a-d) . Nevertheless, the areas of the wall synthesized during the period of incubation in the presence of tunicamycin (the buds in the yeast form and the tips of mycelial cells) were brightly labelled ( Fig. 2e-h ). These results indicate that the epitope lies in the inner part of the cell wall, which becomes The experiments were also performed with mAb 1B12. This antibody uniformly stained the surface of both yeast and mycelial cells grown in the absence of tunicamycin (Fig. 3a-d) . However, this staining pattern changed noticeably in the case of the cell surfaces that had been synthesized in the presence of the antibiotic in that the buds and the apical part of the mycelial cells were not labelled by the antibody (Fig. 3e-h ). This result is compatible with the detection by Western blotting of the 1 B12 epitope in the spent medium of tunicamycin-treated cells (data not shown). 
JRRl and 1 B12 antigens represent different models for the secretion and incorporation process in the regenerating protoplast walls
In an attempt to clarify the secretion and incorporation pattern of the two antigens under study, we used regenerating protoplasts as a model. The regeneration process was followed by taking samples at 0, 2, 4 and 8 h regeneration time and analysing the regeneration medium by ELISA and the regenerating walls by extraction with Zymolyase followed by ELISA of the extracts.
The ELISA analysis showed that the amount of 1B12 epitope secreted into the medium increased with time (Fig. 4) , probably due to the incapacity of the regenerating walls to retain mannoproteins. However, the J R R l antigen was not found in the medium, at least during the first 8 h, strongly suggesting that the J R R l epitope is not bound to the mannoproteins secreted into the medium by regenerating protoplasts.
To study the kinetics of incorporation of both antigens, the protoplast ' walls ', isolated at different times of regeneration, were treated with Zymolyase and the solubilized material was analysed by ELISA. As can be seen in Fig. 5 , the first of the two epitopes to be incorporated into the regenerating wall was JRR1, as could be expected of an epitope that forms part of the glucan fibrillar network. Only after 4 h, when the walls acquired some degree of structure, was the 1B12 epitope detected in appreciable amounts.
The incorporation of both epitopes into the surface of the protoplasts was also studied by IIF. The J R R l epitope appears only after 3 h regeneration, and fades with time as the outer mannoprotein layer becomes retained by the glucan fibrillar network (Fig. 6a, b, c) . The IIF pattern for the 1B12 epitope is the opposite, appearing only after 5 h (Fig. bd, e, f) , as can be expected from a mannoprotein that itself forms part of the outer mannoprotein layer.
DISCUSSION
The two antibodies used in this study were chosen because of the very different nature of the epitopes recognized, a 1,6-P-glucan (JRR1) and an 0-glycosylated mannoprotein (1 Bl2). The primary reason for choosing these epitopes was that we expected them to be localized in different layers within the cell-wall structure. The Incorporation of epitopes in the C. albicans wall accepted model for the cell wall of C. albicans consists of an inner layer of fibrillar material that includes glucan and chitin, together with some mannoproteins and an outer amorphous mannoprotein layer (Horisberger 8r Vonlanthen, 1977 ; Koch & Rademacher, 1980; Zlotnik et a/., 1984) .
Our results confirm this model and show the relative impermeability of the outer layer, which prevents the labelling of yeast cells with the JRRl antibody. The labelling of the mycelial cells with the same antibody points to an increased permeability of this outer mannoprotein layer, probably reflecting the decreased thickness of the mycelial walls (Marcilla et al., 1991) . Our results also show the importance of the N-glycosidic chains (inhibited by tunicamycin) in maintaining the integrity of the outer mannoprotein layer and suggest a role for these side-chains in anchoring the 1B12 antigen to the inner fibrillar layer. Results of the IIF and the ELISA of the supernatant of tunicamycin-treated cells, using the two antibodies, confirm that tunicamycin interferes with the retention of the 1B12 epitope; as a consequence of the tunicamycin effect, the removal of a protein that forms part of the outer layer increases the accessibility of the JRRl antibody to the inner one. A possible explanation for the fact that tunicamycin prevents the retention of the mannoprotein carrying the 1B12 epitope, which is only 0-glycosylated (Marcilla et a/., 1993 ; Mormeneo et al., 1994) , would be that it is bound to the glucan network through an intermediate N-glycosylated mannoprotein. Finally, the 1,6-P-epitope was easily detectable by ELISA in the supernatant of control cells and fully regenerated protoplasts. The presence of this epitope could be explained by the existence of degradation fragments, products of the P-glucanase activities described in C. albicans (Notario, 1982) . It is also noteworthy that the only antibiotic that drastically reduced the levels of the JRRl epitope in the supernatant of cells was papulacandin B, an antibiotic that prevents the formation of glucan (Traxler et al., 1980; Debono & Gordee, 1994; Font de Mora et al., 1993) . This permits us to speculate on the use of the levels of this epitope in the culture medium as a rapid test to screen for new inhibitors of glucan synthesis.
The results of the experiments performed with the regenerating protoplasts are compatible with those discussed above, but also provide an insight into the way the structure of the cell wall is formed de nouo. The combination of the IIF of the regenerating protoplasts and the ELISA of both the medium and the Zymolyase extracts of the regenerating walls shows that the deposition of the JRRl epitope precedes that of 1B12. Consequently, the 1B12 epitope is lost into the medium until the inner fibrillar layer, consisting partly of the JRRl epitope, reaches a minimum structure. The IIF confirms this view, in that the JRRl epitope became detectable only after 3 h, while disappearing from the surface as the outer layer of mannoproteins, of which the 1B12 epitope forms a part, covers it.
One of the questions that has been raised recently concerns the site of glucosylation of cell-wall proteins. In Saccharomyces cereviJiae, the synthesis of 1,6-&glucan begins intracellularly (Meaden e t al., 1990 ; Roemer e t al. , 1993) ; hence it is possible that some wall proteins are glucosylated intracellularly. In this context, Kapteyn et al.
(1 995b) provided evidence that 1,6-~-glucosylation takes place extracellularly, based on the absence of 1,6-/3-glucosylated proteins in the supernatant of regenerating protoplasts. Our own results show that no 1,6-/?-glucan epitope could be detected by ELISA in the supernatant of regenerating protoplasts, thus confirming the results of ICapteyn et al. (1995b) , but the possibility cannot be excluded that this antigen is synthesized bound to a protein acceptor, which somehow remains bound to the plasma membrane until a minimum wall structure has been synthesized.
